LKB1 plays the role of tumor suppressor, opposite to Akt, by negatively regulating mTOR through the activation of AMPK and TSC signaling. We have discovered a novel, potentially oncogenic role for LKB1, as a supporter of Akt-mediated phosphorylation of pro-apoptotic proteins. We found that Akt activation led to increased phosphorylation of FoxO3a at threonine 32 (Thr 32 ) in LKB1 wildtype cells, but not in LKB1-null cells. Depletion of LKB1 in the cells with wild-type LKB1 resulted in attenuation of that phosphorylation of FoxO3a by activated Akt, while the restoration of LKB1 function in LKB1-null cells re-established Akt-mediated FoxO3a phosphorylation. Upon expanding our analysis to other Akt targets, using isogenic LKB1 knockdown cell line pairs and a phosphospecific antibody microarray, we observed that there was a requirement for LKB1 in the phosphorylation of other Akt down-stream targets, including Ask1 (Ser 83 ), Bad (Ser 136 ), FoxO1 (Ser 319 ), FoxO4 (Ser 197 ) and GSK3β (Ser 9 ). Because the phosphorylation of these sites by Akt suppresses apoptosis, the requirement of LKB1 suggests that LKB1 may have an anti-apoptotic role in tumor cells with constitutively active Akt. Indeed, we found the suppression of LKB1 expression led to apoptosis in three cell lines in which Akt is constitutively active, but not in two cell lines without Akt activation. This observation may explain the lack of LKB1 somatic mutations in brain, breast and colon cancers, where Akt is frequently activated due to mutations in PI3K, PTEN or Akt itself.
Introduction
LKB1 is a serine/threonine kinase gene located on chromosome 19p13.3 (1) . Inherited mutations in LKB1 give rise to Peutz-Jeghers syndrome, a disorder characterized by benign hamartomas of the GI tract and a predisposition to certain cancers (2) . In addition, somatic mutation analyses indicate that bi-allelic inactivation of LKB1 is present in approximately 30% of non-small cell lung cancer (NSCLC) primary tumors and cell lines (3) (4) (5) (6) . Recent progress on the function of LKB1 places this protein at the apex of a novel signaling pathway that ultimately serves to inhibit the activity of mammalian target of rapamycin (mTOR) kinase, a key mediator of phosphatidylinositol-3 kinase (PI3K)/Akt driven survival signals (7) . LKB1 is linked to mTOR regulation through the sequential activation of AMP-activated protein kinase (AMPK) and the tumor suppressor TSC2, a GTPase-activating protein that negatively regulates mTOR through the small G-protein Rheb (8) . Together LKB1, AMPK and TSC2 constitute a cell stress pathway that counteracts PI3K/Akt signaling, thus suppressing mTORrelated translation under energy stress.
Though extensive genetic and functional evidence suggest that LKB1 is a tumor suppressor (2) , the biological properties associated with LKB1 deficiency are complex. Some studies in model organisms suggest that inactivation of LKB1 may not always be compatible the activation of certain oncogenic signaling. For example, in mouse embryonic fibroblast (MEF) cells, a LKB1 deficiency leads to resistance to Ha-Ras transformation via a p19arf/p53-independent growth inhibitory pathway, suggesting that the early loss of LKB1 function may render cells resistant to subsequent oncogene-induced transformation (9) . In Xenopus and mouse MEF cells, LKB1 depletion leads to decreases in GSK3β phosphorylation at serine 9 and subsequent down-regulation of WNT signaling (10) . This data is of particular interest because the Ser 9 of GSK3β is a target of aberrantly activated Akt in many human cancers, which suggests that LKB1 may be required for the phosphorylation of Akt down-stream targets. This would constitute a previously unknown pro-oncogenic role for LKB1. In this study, we directly tested the role of LKB1 in Akt signaling. Our results showed that the presence of LKB1 is required for Akt-mediated phosphorylation of the pro-apoptotic proteins.
Materials and Methods

Materials
2-deoxyglucose (2-DG) was purchased from Sigma (cat#D-8375). Mouse monoclonal antibody against LKB1 was purchased from Abcam (cat#ab15095-100). Antibodies against AMPK, phospho-AMPKα (Thr172) Akt, phospho-Akt (p-Akt, Ser473), phospho-Bad (p-Bad, Ser136), phospho-GSK3β (p-GSK3β, Ser9), p21, p27, cyclin D1 and caspase-3 were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA). Antibodies against FoxO3a (cat#07-702) and phospho-FoxO3a (Thr32, cat#07-695) were purchased from Upstate (Lake Placid, NY, USA). Rabbit polyclonal antibody against Bim-1 was purchased from Affinity BioReagents (Golden, CO, USA). Rabbit polyclonal anti-actin antibody was purchased from Sigma Chemical Co. (St. Louis, MO, USA). The NSCLC cell lines H1792, A549, H23, H157, H460, H1299, H1650, H1703, HCC827, H520 and colorectal cancer cell line HCT116 were purchased from the American Type Culture Collection (ATCC) (Manassas, VA, USA) and were propagated according to the conditions recommended by ATCC.
Immunoblot analysis
The procedures for the preparation of whole cell protein lysates and for immunoblot were as described previously (5) . Whole cell protein lysates (20 µg/lane) were processed for immunoblot analysis using antibodies against specified proteins. The same blots were used in probing for phospho-specific antibodies and antibodies against total protein. Actin served as a loading control.
Selection of cells Transient siRNA Treatment
LKB1 siRNA duplexes were purchased from Dharmacon (Lafeyette, CO, USA). To control for any non-specific off-target effects of the siRNA transfection, the company's Lamin A/C siControl was also employed. The LKB1 siRNA sequence was 5'-GGACUGACGUGUAGAACAATT-3'. Gene silencing was achieved by transfecting cells with siRNAs delivered by oligofectamine reagent (Invitrogen), according to the manufacturer's recommendation. Briefly, cells were grown to ~60-70% confluence. Oligofectamine reagent was incubated with Opti-MEM1 reduced serum medium for 10 minutes and then a mixture of siRNA was added. After incubating 15 minutes at room temperature, the siRNA mixture was diluted with medium and added to each well of cells. We used 200 pmol of siRNA per 2 ml of medium. To improve gene silencing, we transfected the same cells 48 hours after the first transfection. Twenty-four hours after their second transfection, cells were washed, then resuspended in new culture media in the presence or absence of 2-DG for a given period of time. Total cell lysates were used in the immunoblot blot analysis described above.
Adenovirus infection-NSCLC cell lines were infected with adenovirus as described previously (5) . Briefly, AdEasy-GFP-LKB1 plasmid was first transfected into 293 cells for the generation of Adenovirus containing GFP-LKB1. Adeno-GFP virus was a gift from Dr. Lily Yang (Emory University). H157 was infected with either GFP-LKB1 or GFP-only adenovirus at 20 MOI for 24 hours. The infection rate of the cells was approximately 90% as determined by GFP expression.
LKB1 stable knock-down using Lentiviral shRNA
Five pre-made lentiviral LKB1 shRNA constructs and a negative control construct that was created in the same vector system (pLKO1) were purchased from OpenBiosystems (Cat# RHS3979 and RHS4078). Lentiviral helper plasmids (pCMV-dR8.2 dvpr and pCMV-VSV-G) were obtained from addgene (cat#8455 and #8454). Transient lentivirus stocks were prepared following the manufacturer's protocol. Briefly, 1.5×10 6 293T cells were plated in 10 cm dishes. Cells were co-transfected with shRNA constructs (3 µg) together with 3 µg pCMVdR8.2 dvpr and 0.3 µg pCMV-VSV-G helper constructs. Two days later, viral stocks were harvested from the culture media, which was filtered to remove non-adherent 293T cells. To select for the NSCLC cells that were stably expressing shRNA constructs, cells were plated at subconfluent densities and infected with a cocktail of 1 mL virus-containing media, 3 mL regular media, and 8 µg /mL polybrene. Selection with 0.5-2µg /mL puromycin was started 48 hours after lentivirus infection. After several weeks of selection (two weeks for H1299 and H1703 or four for H1650, HCC827 and H520), monolayers of stably-infected pooled clones were harvested for use and cryopreserved.
Cell proliferation assay
LKB1 shRNA knockdown stable cells (H1650/LKB1 shRNA , H1299/ LKB1 shRNA , H1703/ LKB1 shRNA ) and their corresponding controls (H1650/PLKO.1, H1299/PLKO.1, H1703/ PLKO.1) were seeded in 96-well cell culture plates at a density of 2,000 cells per well. The attached cells were fixed in situ with addition of cold 10% trichloroacetic acid (TCA) solution at day 1, 2, 3, 4, 5 and 6 . Cell number (absorbance) was then estimated by the sulforhodamine B (SRB) assay, as previously described (11) . Fold values for each cell proliferation were calculated by comparison with the first day's cell absorbance.
Colony formation assay
H1650 or H1299 cells were plated, at a density of 2×10 5 cells per well, in 6-well plates overnight. The following day, cells were transfected in triplicate with lipofectamine 2000 using either LKB1 shRNA or the negative control pLKO.1 plasmid. For H1299 cells, 2 µg of plasmid and 6 µl of lipofectamine were used for each well. Cells were selected with 2 µg/ml of puromycin 72 hrs after transfection for 2 weeks. For H1650 cells, cells were transfected with 0.5 µg of plasmid and 1.5 µl of lipofectamine. Cells were selected with 0.5 µg/ml of puromycin 72 hrs after transfection for 4 weeks. Medium was changed every 4 days. Finally, the cells were fixed with 10% trichloroacetic acid (TCA) solution and stained with 0.5% crystal violet. Colony numbers were assessed visually and colonies containing more than 50 normal appearing cells were counted. Statistical differences in colony numbers between LKB1 shRNA or pLKO.1 plasmid transfected cells were calculated using the two-sided student's t test.
Phospho-specific Protein Microarray analysis-Phospho-specific Protein Microarray was obtained from Full Moon Biosystems, Inc. Protein microarray analysis was carried out using the protocol provided. Briefly, 100 µg of cell lysate in 50 µl of reaction mixture was labeled with 1.43 µl of Biotin in 10 µg/µl DMF (N,N-Dimethyformamide). The resulting Biotin-labeled proteins were diluted 1:20 in Coupling Solution before applying to the array for conjugation. To prepare the Antibody Microarray, it was first blocked with blocking solution for 30 minutes at room temperature, rinsed with Milli-Q grade water for 3 minutes, then dried with compressed nitrogen; finally, the array was incubated with the Biotin-labeled cell lysates at 4°C overnight. After the array slide was washed three times with 60 ml of 1× Wash Solution for 10 minutes each, the conjugated labeled protein was detected using Cy3-streptavidin.
Cell Cycle analyses
2×10 5 of H1650/PLKO.1 or H1650/ LKB1 shRNA cells were seeded in 6-well cell culture plates. Only the live cells were harvested 4 days after cell seeding. Cells were washed with PBS and fixed in 70% ethanol overnight. Cells were then washed twice with PBS and stained using a PI/RNase staining kit (BD Pharmingen, San Jose, CA, USA) for 30 minutes at room temperature in the dark. Cell cycle analysis was carried out using a FACScan (Becton Dickinson, San Jose, CA) and FlowJo software version 7.2. A total of 10,000 cells were collected for each sample for analysis.
Apoptosis analyses
Apoptosis was measured using the Annexin V-PE Apoptosis Detection kit (BD Pharmingen, San Jose, CA) followed by flow cytometry. 2×10 5 of H1650/PLKO.1, H1650/ LKB1 shRNA cells were seeded in 6-well cell culture plates. Both floating and attached cells were collected 4 days after cell seeding, washed twice with cold PBS and suspended in 1× binding buffer. A 100µl aliquot of the cell suspension (representing 5 × 10 5 cells) was transferred to a culture tube, to which 5µl of Annexin V-PE and 5µl of 7-AAD were added, and the mix incubated for 15 minutes at room temperature in the dark. Apoptosis analysis was carried out using a FACScan (Becton Dickinson, San Jose, CA) and FlowJo software version 7.2. A total of 10,000 cells were collected for each sample for analysis.
Results
Phosphorylation of FoxO3a at threonine 32 by Akt requires LKB1
When 2-deoxyglucose (2-DG) inhibits glycolysis, it eventually leads to a decrease of intracellular ATP and an increase of intracellular AMP. In the presence of excess AMP, AMPK will undergo a conformational change upon binding AMP, which allows LKB1 to access and phosphorylate AMPK's threonine residue 172 (Thr 172 ), the activation site of AMPK kinase activity (12, 13) . Hence, the functional status of LKB1 in NSCLC cells could be monitored by examining the phosphorylation status of AMPK Thr 172 after 2-DG treatment ( Figure 1A ). As expected, 2-DG treatment augmented the phosphorylation of AMPK Thr 172 only in LKB1 wild-type cells (H1299 and H1792), but not in LKB1-null cells (A549, H460, H157 and H23).
We recently discovered that 2-DG also activates Akt function via a mechanism that is PI3 kinase-dependent, but LKB1-independent (14) . A hyperphosphorylation of Akt can be detected as early as 15 minutes after 2-DG treatment. In fact, robust increases in Akt phosphorylation were observed in most NSCLC cell lines at 4 and 8 hrs after 2-DG treatment [ Figure 1A and ref (14) ]. The pro-apoptotic transcription factor FoxO3a is a down-stream target of Akt kinase activity (15) . Active FoxO3a promotes apoptosis through the transcription of Bim-1, a proapoptotic gene. Akt can suppress FoxO3a function via direct phosphorylation of three target sites on the molecule, including the Thr 32 of FoxO3a, which has a consensus Akt target sequence (RPRSCpT) (16, 17) . Consistent with this, 2-DG treatment led to a subsequent increase in FoxO3a phosphorylation in the LKB1 wild-type H1299 and H1792 cells. While a mild increase in FoxO3a phosphorylation at Thr 32 was detected 4 hrs after 2-DG treatment, significant increases were not observed until 8 hrs post 2-DG treatment [ Figure 1A and ref (14) ]. Interestingly, Akt-mediated phosphorylation of FoxO3a (Thr 32 ) was not detected in LKB1 mutants (A549, H460, H23 and H157). These data suggest that the induction of Thr 32 phosphorylation of FoxO3a by Akt requires a functional LKB1.
To directly address the role of LKB1 in Akt-mediated phosphorylation of Foxo3a, we determined whether the transient depletion of LKB1 in LKB1-wild-type H1299 or HCT116 cells would attenuate FoxO3a phosphorylation in response to Akt activation. We used an LKB1-siRNA that was previously designed to transiently suppress the expression of LKB1 (14) . Treatment with this LKB1 siRNA resulted in an 80-90% reduction in LKB1 protein, while as expected, no reduction of LKB1 was detected with control siRNA ( Figure 1B , comparing lanes 3, 4 with lanes 1, 2 for H1299 and lanes 7, 8 with lanes 5, 6 for HCT116). The transient depletion of LKB1 did not alter the 2-DG induced phosphorylation of Akt, consistent with our previous observation that 2-DG induced Akt activation does not require LKB1 (14) . The levels of 2-DG induced FoxO3a phosphorylation 8 hrs after the addition of 25 mM 2-DG; however, were significantly reduced in both H1299 and HCT116 cells when LKB1 expression was down-regulated. These data demonstrated that LKB1 is required for Thr 32 phosphorylation of FoxO3a by Akt.
We also determined whether the restoration of LKB1 function in LKB1-null cells could reestablish Akt phosphorylation of the Thr 32 of FoxO3a. We chose an adenovirus-based system to express wild-type GFP-LKB1 in LKB1-null H157 cells. Previously, we showed that this construct is capable of restoring the phosphorylation of AMPK (Thr 172 ) under energy stress condition (5) . In our LKB1-restoration experiment, the GFP-LKB1 protein was detected only when our H157 cells were infected with adeno-LKB1 virus, but not with a control adeno-GFP virus ( Figure 1C ). It is known that adenovirus infection process activates Akt (18) ; therefore, we found that the total Akt protein levels remained the same and that infection with both the adeno-LKB1 and adeno-GFP viruses resulted in significant elevation of Akt phosphorylation at Ser 473 ( Figure 1C, lanes 3-6) . In contrast, significant elevation of FoxO3a phosphorylation at Thr 32 was only observed in those cells infected with adeno-LKB1 virus ( Figure 1C, lanes  3-4) , but not adeno-GFP virus ( Figure 1C , lanes 5-6). Our data indicated that whereas adenoviral infection does induce Akt activation, the subsequent induction of FoxO3a phosphorylation at Thr 32 required the presence of LKB1.
Depletion of LKB1 protein in H1650 cells leads to decreased cell proliferation
Considering our findings that LKB1 affected Akt-mediated phosphorylation of Thr 32 of FoxO3a, we sought to determine the consequences of LKB1 knock-down in the context of Akt activation. H1650 has a constitutively high level of Akt phosphorylation due to the mutational activation of its EGFR, and its Akt phosphorylation can not be further induced by 2-DG treatment (14) . In contrast, 2-DG induces significant elevation of Akt phosphorylation in H1299 and H1703 cells, suggesting that these two cell lines do not have aberrantly activated Akt ( Figure 1A and data not shown). All three cell lines have wild-type LKB1, and we used LKB1 shRNA lentivirus and puromycin to select for stable pools of cells with LKB1 depletion. The selection of stable H1650/LKB1 shRNA cells took over a month, and we observed that the H1650/ LKB1 shRNA cells grew slowly and experienced extensive cell death. By comparison, puromycin selection of stably infected pools of H1650/pLKO.1, H1299/LKB1 shRNA ,H1299/ pLKO.1, H1703/LKB1 shRNA , or H1703/pLKO.1 cells was completed within two weeks. When stable cell pools were analyzed for LKB1 protein expression by immunoblot, we found that LKB1 protein expression was significantly suppressed in all cell lines selected with LKB1 shRNA lentivirus, but not with the control pLKO.1 virus ( Figure 2B ). An SRB assay was used to evaluate the impact of LKB1 on the rates of cell proliferation in all LKB1 knock-down cells (Figure 2A ): While LKB1 knock-down had no effect on H1299 or H1703 cell proliferation, the depletion of LKB1 in H1650 cells significantly impeded cell growth ( Figure  2A ). In addition, we carried out colony formation assays in H1650 and H1299 cells transfected with either the LKB1 shRNA plasmid or a control pLKO.1 plasmid. Transfection with either plasmid in H1299 cells did not result in significant differences in colony numbers ( Figure 2C ). In contrast, transfection with LKB1 shRNA plasmid in H1650 cells significantly inhibited colony forming ability, relative to the transfection with the pLKO.1 plasmid. Because H1650 cells are sensitive to lipofectamine 2000 transfection, we also verify our findings using LKB1 shRNA or pLKO.1 lentivirus in colony formation assays. Similarly, infection of H1650 cells with LKB1 shRNA lentivirus significantly attenuated cell proliferation compared to infection with pLKO.1 lentivirus (supplemental Figure 1) . Therefore, although down-regulation of LKB1 expression did not alter cell proliferation in H1299 and H1703 cells, it did result in a decrease in cell proliferation, specifically in the H1650 cells. In summary, we found that LKB1 depletion decreased cell proliferation only in the context of Akt activation.
LKB1 depletion decreases phosphorylation of other direct Akt target sites that are involved in apoptosis
To determine whether LKB1 is required for the phosphorylation of other Akt targets, a phospho-specific antibody microarray for the Akt signaling pathway was used to compare the phosphorylation status of both direct and indirect Akt targets: This antibody array includes 137 highly specific and well-characterized phospho-specific antibodies for proteins in the AKT pathway, each with six replicates (raw data included in supplemental Table 1 ). The paired antibodies for the same (but unphosphorylated) target sites are also included in the array, to allow determination of the relative level of phosphorylation. Because Akt is constitutively activated in H1650 cells, a comparison between Akt target proteins from H1650/ LKB1 shRNA cells and H1650/pLKO.1 cells enabled us to calculate a ratio for any phosphorylation changes that are due to LKB1 depletion. Using a cutoff ratio of 0.8, we identified 21 sites that were hypophosphorylated in H1650/ LKB1 shRNA cells compared to H1650/pLKO.1 cells. Seven of the twenty-one sites contained the consensus target sequence for Akt phosphorylation and are known to be direct targets of Akt phosphorylation (Table 1) . Therefore, the depletion of LKB1 in H1650 cells not only resulted in a decrease in FoxO3a Thr 32 phosphorylation, but also attenuated the phosphorylation of other direct Akt targets, such as Ask1 (Ser 83 ), Bad (Ser 136 ), FoxO1 (Ser 319 ), FoxO4 (Ser 197 ), and Gsk3β(Ser 9 ). To validate the antibody array results, we also directly tested the phosphorylation status of Bad (Ser 136 ) and Gsk3β (Ser 9 ) in the H1650/LKB1 shRNA and H1650/pLKO.1 cells. As with the array, hypophosphorylation of Bad (Ser 136 ) and Gsk3β(Ser 9 ) was observed in H1650/LKB1 shRNA cells ( Figure 3A) . Therefore, we confirmed that depletion of LKB1 results in decreases in the phosphorylation of multiple Akt targets.
Depletion of LKB1 in H1650 cells also resulted in hypophosphorylation of twelve serine/ threonine sites and two tyrosine sites, all of which were not known to be direct Akt targets. Of these, Ask1 (Ser 966 ), Bad (Ser 112 and Ser 155 ), and Bcl-2 (Ser 70 and Thr 56 ) have been shown to be involved in apoptosis. Our phospho-specific antibody microarray also evaluated eight phosphorylation sites on p53, but a change in phosphorylation was only detected from residues 6 to 18, and no alterations in phosphorylation were detected beyond Ser 33 . ATM can phosphorylate p53 at Ser 15 , and emerging evidence indicates that LKB1 does physically interact with ATM (19) . Furthermore, LKB1 has been shown to directly phosphorylate p53 at Ser 15 in vitro (20) . Therefore, this data indicates that LKB1 may be involved in the phosphorylation of p53 at the N-terminus in vivo, as well as phosphorylation of apoptosisrelated genes.
Depletion of LKB1 also resulted in hyperphosphorylation of several proteins. Using a cutoff ratio of >1.2, we identified twelve sites with increased phosphorylation. Loss of LKB1 resulted in hyperphosphorylation of several direct and indirect targets of mTOR, including 4E-BP1 (Thr 45 ), IRS-1 (Ser 639 ), S6 Kinase (Ser 424 ) and S6 (Ser 235 ). In addition, eIF4E is also involved in the mTOR-related translation process (Table 1) . Because Akt and LKB1 play opposite roles in regulating mTOR kinase activity, it was expected that the depletion of LKB1 in Akt-activated H1650 cells would lead to increases in the phosphorylation of these mTOR targets. These observations of variability in phosphorylation levels induced by changes in LKB1 provided independent internal control for the validity of our antibody microarray dataset.
LKB1 depletion is associated with an increase in G1 cell cycle arrest and apoptosis in H1650 cells
Because the depletion of LKB1 in H1650 cell suppresses cell proliferation and LKB1 is required for Akt-mediated phosphorylation of apoptosis proteins and, we sought to further characterize the observed cell growth phenotype in H1650 cells. We first carried out a cell cycle analysis in H1650/ LKB1 shRNA cells. We analyzed only the live cells that remained attached to tissue culture plates four days after seeding the cells. Compared to control H1650/ pLKO.1 cells, the H1650/ LKB1 shRNA cells displayed an increase in the percentage of cells in G1 phase (from 47% to 61%), but a decrease of those in S phase (from 20% to 11%) and G2/ M phase (from 21% to 14%) ( Figure 3B ). The change in cell cycle profile did not appear to be related to p21, as similar levels of p21 protein were observed in both the control and LKB1 knock-down cells ( Figure 3A) . On the other hand, we did observe an increase in p27 and a decrease in cyclin D1 in the H1650/ LKB1 shRNA cells, which suggested that the increase in G1 cells may have been related to p27-mediated cell cycle arrest.
For apoptosis assays, both the floating and attached cells were collected and analyzed four days after cell seeding. Approximately 17% of H1650/ LKB1 shRNA cells underwent apoptosis. In stark contrast, only 0.7% of H1650/pLKO.1 cells were apoptotic ( Figure 3C ). The appearance of apoptotic cells also correlated with a significant increase in caspase 3 cleavage four days after cell seeding ( Figure 3A) . Consistent with LKB1 transient depletion analysis in Figure 1 , the stable down-regulation of LKB1 protein expression in H1650 cells was correlated with a decrease in the phosphorylation of FoxO3a at Thr 32 ( Figure 3A) . Unphosphorylated FoxO3a translocates to the nucleus, acting as a transcription factor to increase Bim-1 transcription (21) . Indeed, we did observe an increase in total Bim-1 protein in the H1650/ LKB1 shRNA cells. The activation of caspase-3 cleavage; however, was not detectable early on, only four or five days after cell seeding (data not shown).
LKB1-depletion in other NSCLC cells with aberrant Akt activation also results in increases in caspase-3 cleavage
Our data suggest that LKB1 depletion induces caspase-3 cleavage and apoptosis, but only in the context of aberrant Akt activation. To determine whether this was true in other cell lines, we also depleted LKB1 in HCC827 and H520 cells. The HCC827 NSCLC cell line harbors an exon 19 deletion (DelE746A750) of EGFR, which results in the constitutive activation of Akt (22) . We generated LKB1-stable knock-down pools in this cell line. Consistent with results found for H1650 cells, we detected significant caspase-3 cleavage five days after seeding the cells ( Figure 3D ). Colony formation assay with LKB1 shRNA plasmid in HCC827 cells also had fewer colonies than the control pLKO.1 plasmid (supplemental Figure 2) . H520 cells have a somatic amplification of the PIK3CA gene (23) and we previously showed that this amplification results in elevated Akt phosphorylation (14) . LKB1-stable knock-down pools were generated for H520: LKB1 depletion also led to significant caspase-3 cleavage five days after seeding ( Figure 3D ). In addition, SRB analysis indicated that the depletion of LKB1 in H520 cells significantly impeded cell growth compared to either the parental cells or H520/ pLKO.1 cells (supplemental Figure 3) . In contrast, caspase-3 cleavage was never detected in the H1299/ LKB1 shRNA and H1703/LKB1 shRNA cells (data not shown). These combined data suggested that the depletion of LKB1 in NSCLC cell lines that have aberrantly activated Akt promoted apoptosis, indicating that LKB1 is required for Akt-mediated phosphorylation of pro-apoptotic proteins and that the depletion of LKB1 induces apoptosis in the context of that aberrant Akt activation.
Discussion
To date, LKB1 has been considered a tumor suppressor because the hereditary and somatic loss of function mutations of this gene are associated with an increased risk of cancer development. This idea was further supported by functional data, as it was found that the restoration of LKB1 function in LKB1-null cells leads to either apoptosis or cell cycle arrest (24, 25) . Current analysis of LKB1 function has focused on its regulation of AMPK and mTOR signaling. Because LKB1/AMPK signaling inhibits mTOR, but activated Akt stimulates mTOR activity, LKB1 and Akt are thought to play opposing roles with regard to mTOR regulation (7, 8) . Here, we show that LKB1 is necessary for cancer cell survival in the context of aberrant Akt activation.
The aberrant activation of Akt occurs frequently in human cancers; thus, activated Akt is thought to contribute to tumor formation partly by preventing apoptosis. Activated Akt block apoptosis through the phosphorylation and inactivation of the FoxO transcription factors, Ask1, Bad and GSK3β (15, 26) . For example, FoxO3a is a transcription factor that can promote apoptosis by activating the transcription of Bim-1, a pro-apoptotic gene. Akt inhibits FoxO3a function by phosphorylating FoxO3a on Thr 32 , Ser 253 and Ser 315 , which results in cytoplasmic retention of FoxO3a (27) . We carried out a detailed analysis on Thr 32 phosphorylation of FoxO3a and demonstrated that upregulation of FoxO3a phosphorylation at Thr 32 by Akt required the function of wild-type LKB1. The necessity of LKB1 in this phosphorylation process was supported by four lines of evidence. First, we had previously shown that 2-DG can activate Akt via PI3 Kinase and that 2-DG-induced Akt activation leads to subsequent FoxO3a phosphorylation at Thr 32 in LKB1 wild-type cells (14) . Concordant increases in Akt and FoxO3a phosphorylation levels; however, were not observed in four LKB1-null NSCLC cell lines ( Figure 1A) . In addition, we demonstrated that transient depletion of LKB1 by RNAi in LKB1 wild-type H1299 or HCT116 cells did not affect 2-DG-induced Akt phosphorylation; it led instead to a decrease in 2-DG-induced phosphorylation of FoxO3a ( Figure 1B) . Third, adenovirus infection, which induces Akt phosphorylation, only augmented FoxO3a phosphorylation in the LKB1-null cells that ectopically expressed LKB1 ( Figure 1C) . Fourth, the stable depletion of LKB1 in H1650 cells with aberrantly activated Akt also resulted in the down-regulation of FoxO3a phosphorylation ( Figure 3A) . Therefore, LKB1 was found to be necessary for Akt-mediated FoxO3a phosphorylation at Thr 32 . This is a novel finding, because it provides the first evidence that LKB1 and Akt play co-operative roles with regard to the phosphorylation of FoxO3a on Thr 32 .
Our antibody microarray analysis indicated that the requirement for LKB1 in the phosphorylation of Akt targets was not limited to a single Akt target. On the contrary, the depletion of LKB1 in H1650 cells resulted in decreases in the phosphorylation of Ask1 (Ser 83 ), Bad (Ser 136 ), FoxO1 (Ser 319 ), FoxO4 (Ser 197 ), and Gsk3β (Ser 9 ). The validity of this antibody microarray analysis was supported by the upregulation of phosphorylation in the mTOR targets in the same dataset and by confirmatory immunoblot analysis of phospho-Bad and phospho-Gsk3β levels ( Figure 3A) . Our new data indicated that LKB1 is required for the suppression of multiple pro-apoptotic signaling molecules by an aberrantly activated Akt.
It is unknown whether LKB1 directly or indirectly participates in the phosphorylation of Akt target proteins. Direct interaction between LKB1 and Akt has not been demonstrated previously, and it is possible that LKB1 mediates this effect through its down-stream substrates. Even though LKB1/AMPK signaling is the major focus of existing literature, it is important to note that LKB1 has 11 other substrates, whose biological functions have been poorly studied to date (28) . Therefore, it will be important to determine in the future whether LKB1 or its down-stream target(s) directly participate in the phosphorylation of Akt substrates.
Because Akt mediates its anti-apoptotic activity through the phosphorylation of these apoptosis-promoting molecules, the depletion of LKB1 should promote apoptosis in cancer cells with aberrantly activated Akt function. Indeed, the depletion of LKB1 enhanced caspase-3 cleavage in three NSCLC cell lines (H1650, HCC827 and H520) with activated Akt functions (Figures 3). However, LKB1 depletion did not alter the growth characteristics of two other NSCLC cell lines (H1299 and H1703) that were without Akt activation ( Figure 2 ). Therefore, LKB1 depletion only enhanced apoptosis in those cancer cells with aberrant Akt activation. Interestingly, the depletion of LKB1 in Akt-activating cells did not result in caspase-3 cleavage immediately after cell seeding, it took several days.
If active LKB1 is required for the phosphorylation of Akt targets that are involved in apoptosis, the inactivation of LKB1 will not provide a growth advantage to cancer cells with pre-existing Akt activation. Consequently, a LKB1 mutation should not be naturally selected for in cancer cells with aberrantly active Akt function. Oncogenic activation of Akt occurs through multiple mechanisms, including mutational activation of PI3 Kinase, mutational inactivation of PTEN phosphatase or gene amplification of Akt itself (26) , and is frequently observed in most solid tumor types except NSCLCs (29) (30) (31) (32) (33) . In contrast, while somatic LKB1 mutations frequently occur in NSCLC, they are rarely observed in the other major tumor types (34) (35) (36) (37) (38) . We suspect that the cooperation between Akt and LKB1 in the phosphorylation of these pro-apoptotic genes may be a reason that somatic LKB1 mutations are rarely observed in brain, breast and colorectal tumors: These tumors are likely to have a high frequency of PI3K activations, PTEN deletions or Akt amplifications. Because most of our studies were carried out in NSCLC cancer cell lines, our observation will require further evaluation in other cancer types.
In summary, we discovered that LKB1 is required for the phosphorylation of pro-apoptotic proteins by Akt. This is the first evidence that LKB1 plays a potentially oncogenic role in cells having activated Akt. Our data suggest that the mutational inactivation of LKB1 may not facilitate oncogenic transforming mediated by aberrant Akt activation. (A) LKB1 was depleted in H1650, H1299 and H1703 cells, and stable pools of LKB1-depleted cells were monitored for cell growth by SRB assay, using either parental cells or cells treated with pLKO.1 lentivirus as controls. Statistically significantly different points were calculated using a two-sided student's t test and marked by an asterisk. (B) Immunoblot analyses of the LKB1 protein and phospho-Akt levels in H1650, H1299 and H1703 cells using actin as loading control. (C) Colony formation assay in H1650 cells and H1299 cells, using plasmid containing either LKB1 shRNA or its vector control, pLKO.1. Values represent the mean +/− SD of quadruples. P value was calculated using student t-test. Table 1 Alteration of protein phosphorylation in AKT signaling pathway due to LKB1 depletion in H1650 cells. 
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